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MICRO ION PUMP 
Background 

The present patent application claims priority as a 
continuation-in-part of co-pending U.S. Nonprovisional Patent 

5 Application Serial No. , attorney docket number H0006074- 

0760 (1100.1233101), filed December 31, 2003, and entitled "GAS 
IONIZATION SENSOR", which is hereby incorporated by reference in 
its entirety in the present application. The present patent 
application claims priority as a continuation-in-part of co- 

10 pending U.S. Nonprovisional Patent Application Serial 
No. 10/749, 863 , attorney docket number H0005829-0760 
(1100.1222101), filed December 31, 2003, and entitled "MICRO- 
PLASMA SENSOR SYSTEM", which is hereby incorporated by reference 
in its entirety in the present application. 

15 The present description pertains to pumps and particularly 

to gas pumps. More particularly, it pertains to micro pumps. 

Related-art gas pumps for microanalyt ics are bulky, 
comprise mechanical actuators that are prone to wear and limit 
their service life, and create undesirable flow pulsations that 

20 need to be dampened via bulky buffer volumes. The cost to 
fabricate and assemble such mechanical actuation pumps 
(regardless of whether they are based on electro-magnetic, 
piezo-electric or electro-static forces) is high and contributes 
to their high price. 
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Summary 

The present pump avoids related-art shortcomings by- 
generating a steady gas flow, which is driven by viscous drag 
5 created by a small volumetric fraction of large (relative to the 
electrons) , in-situ-generated ions, which then drift in a steady 
applied electric field. The uniformity of the applied DC 
electric fields and operation of such pumps is favored by the 
scale and length/diameter ratio of MEMS or micro channels. 

10 

Brief Description of the Drawing 
Figure 1 is a cross -sectional view of an ion drag pump for 
brief explanation of the principle of operation of such pump; 

Figure 2 is a table of an example of ion drag pump flow and 
15 energy characteristics; 

Figure 3 is an example of an interdigited example of a 
micro discharge device that may be used in the pump of Figure 1; 

Figure 4 is a table of electron affinities and electron 
configurations for some elements of interest; 
20 Figure 5 is an illustration of two elements of an array of 

micro discharge devices for an ion drag pump; 

Figure 6 shows an illustrative example of an ion drag pump; 
Figure 7 shows another illustrative example of an ion drag 

pump ; 
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Figure 8 is a table comparing pump performances based on 
different technologies ; 

Figure 9 is a table of temperature dependence of ion 
concentration; 

5 Figure 10 is a graph about electron cold-cathode emission 

from a carbon nanotube in terms of current density versus 
applied voltage; 

Figure 11a is a graphical illustration emission current 
versus applied voltage for cold-cathode emissions from diamond 
10 films; and 

Figure lib is restricted Fowler-Nordheim plot of the 
electron emission of a micro-wave CVD sample. 



Description 

15 Figure 1 is a cross - sectional view of a pump 10. High 

frequency micro discharge devices (MDDs) 14 and 15 may generate 
ion-electron pairs. Relatively larger ions 16 may drift towards 
the (-) electrode 11 and drag neutral molecules along. The ion- 
drift pump 10 may work on the principle of viscous drag of ions 

20 attracted by an applied e-field, so that their cumulative 
surface drags the neutral molecules along to the extent of 
establishing a balance between this drag and the drag between 
the induced flow 18 and the capillary tube (or MEMS channel) 
wall 13. The former may be given by the mobility, number 
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density and volume of the ions in the applied e-field (Stokes' 
Law), whereas the latter may be given by Poiseuille's Law of 
capillary flow. The term "fluid" may be used as a generic term 
that includes gases and liquids as species. For instance, air, 
gas, water and oil are fluids. 

Stokes 1 Law relates particle radius, r, particle velocity, 
v, and fluid viscosity, r|, to viscous shear force, F v , where 

F v = 671 • T| • v • r . 

If this particle 17 is charged it also experiences an 
electrostatic force, F e = E-q. The associated drift velocity of 

a particle of charge, q, mass, m, experiencing an average time 
between collisions, x, and subjected to the force of an electric 
field, E, is v = v^, where for m(N2> = 0.028 kg/mole/N A and 

v d = q-E-x/m = 1 . 6022 • 10 " 19 • 1 • 1 . 34-10" 10 / (0 . 028/6 . 022 • 10 23 ) 

= 0.000462 m/s per V/m or 4.62 cm 2 / (Vs) 
or 462 cm/s if one applies 100 V to the ( + ) electrode 11 and (-) 
electrode 12 spaced at about 1 cm. 

To arrive at the above v^, x = 6 . 7 • 10 " 6 /SO , 000 = 1.34 -10" 10 
sec may be used, based on the average velocity of N2 molecules 
in air of v = 50,000 cm/s, and where x = time between collisions 
= X/v T = X/ (3kT/m) 0 • 5 , m = 28/N A = kg-mass of a N 2 + charge 
carrier, v T = thermal velocity and X = mean free path = 6.7 x 10" 
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6 cm at 1 atm, or generally, X = 0.005/p, with p in Torr and X in 

cm at ambient conditions, N A = 6.022 -10 23 = Avogadro Number of 

molecules per mole, the Boltzmann constant, k = 1.3807-10" 16 

erg/K, and the elemental charge value of q = 1.6022-10" 19 
coulombs . 

The viscous shear force on the capillary wall 13 caused by 
fluid flow is derived from Poiseuille's Law, which relates 
volume flow to pressure drop: V = nr c 2 v = n • Ap ■ r c 4 / ( 8 • L c • r|) , so 

that F c = Ap-7tr c 2 = 871 • r| • v ■ L c . 

To equate the two forces, one may need to make an 
assumption on the concentration of ions. For v = 100 cm/s, r c = 

0.0050 cm and for a xj_ on = 10 ppb concentration of ions leads to 

a current of 

q-7rr c 2 • v-x-N A * = 1 . 6022 • 10" 19 -71- 0 . 0050 2 • 100 • 10" 8 -N A = 0.0232 jjA. 

The associated power for an applied potential of 100 V is Q 
= 2.32 |liW. The number of traveling ions within the L = 1 cm e- 
field section is 

N = N A /V M (T 0 /T) -x io -7ir c 2 -L c = 6 . 022-10 23 /22415 (T Q /T) 10 " 
8 -71- 0 . 0050 2 ■ 1/ = 19,660,000 ions, 

while the total number of molecules in L c is N A * = N A /V^ (T Q /T) = 
2 . 883 • 10 19 /cm 3 . 
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One may determine the achievable macroscopic flow velocity, 
v c ky equating the ion drag force by N ions, ^i-OTi' with that of 
capillary flow in the same length of capillary 13 , L c , with the 

force F c = Ap-7tr c 2 and set Fj[ on = F C/ and remembering that ionic 
5 friction is related to v^, but that ionic current relates to 
v c+ v d' where 

F ion = 67t-Ti-v d -r ion -x ion N A *-7ir c 2 L c = F c = 87t • r\ • v c • L c ; and 
one may get, with ri on = 1.5-10" 8 cm, v^dOO V/cm) = 461.6 cm/s: 
v c = (6ti/8) -Vd-XionTion'NA* -r c 2 = (2 . 3562 ) - 4 61 . 7 • 10 " 

10 8 ■ 1 . 5 • 10" 8 • 2 . 883-10 19 ■ 0 . 0050 2 = 117.6 cm/s, 

for 10 ppb ions and 100 V/cm in the 100 |im capillary. 

Table 2 0 of Figure 2 shows an ion-drag pump flow and energy 
characteristics. It lets a reader change the star-marked inputs 
of applied voltage, V, r-j_ on , r c , and both lengths of capillary 

15 13 at which the field is applied and the total system's 

capillary length, L s , which determines Ap for a given v c . The 

rows in Table 2 0 then correspond to variations in the unknown 
and assumed unipolar ion concentration, which then determine the 
macroscopic viscous flow in a capillary of length L c and in one 
20 of length L s , which results in a much smaller v c due to the much 
larger and also-listed Ap. 



H00062 3 3 (110 0 .1244101) 

The table 2 0 data show that, barring minor variations in 
the values used above, this method of generating flow may work 
well, and with a very small concentration of ions, provided that 
one does not run into electron-attachment or space charge 
effects and can maintain electric neutrality as one pulls the 
heavy ions through the gas. However, this ion drift 
spectrometry may be leveraging, which can be used as a gas 
detector . 

As one increases the intensity of the fields applied to the 
MDDs (microdischarge devices) 14 and 16 for ion generation, 
which are drawn into Figure 1 as multiple sets of interdigitated 
electrodes 21 and 22 akin to those illustrated in Figure 3; the 
rate of ion generation, their concentration, their collective 
drag and the resulting macroscopic flow velocity may increase 
until reaching a value close to that of the drift velocity, 
which in turn is controlled by the applied DC field of MDD 14 
shown in Figure 1. However, as such overall gas velocity, v c , 

increases, it does not reach or exceed the ion drift velocity, 
v^, which just adds to the top or continues to ride on top of 
gas velocity, v c . 

As the DC field is increased, changed or switched off, the 
macroscopic flow changes within fractions of a millisecond and 
may thus be used to control and/or pulse the flow in the second 
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stage of a |nGC-|j,GC analyzer. /iGC may be micro gas 
chromatography . 

Although conceived for use with gases, the easy 
availability of ions in liquids may lend itself to the use of 
5 pump 10 for liquid fluids also but less well, due to the much 
smaller difference between positive and negative ions (no free 
electrons) than between the mostly positive ions and the 
electrons in gases. 

To determine the actual flow velocity that results from 
10 balancing the ion-drag action force and the viscous force 

offered by the flow in a capillary 13 of length, L cs , one may 

set F-L 0n = F c , and therefore obtain 

67C-Ti-v d -r ion -N ion = 87C-ti-v c -L cs# 
and numerically with 
15 r ion = 1.5- 10" 8 cm, x ion = 10 ppb, v d (100 V/cm) = 461.6 

cm/s , 

L ce = 1 cm, L cs = 50 cm and r c = 0.0050 cm, 
v c = (67i/8) •v d -x ion -r ion -N A *-r c 2 -L ce /L cs , 

= (2.3562) -461. 7-10" 8 -l. 5- -10- 8 -2. 883 - 10 19 - 0 . 0050 2 = 
20 117.6 cm/s. 

This flow may increase with v d = q-E-x/m, x-j_ on , r-L Qn and L ce , 
while it decreases as L cs is lengthened. Additional parameters 
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are shown in table 20, especially those that relate to energy 
consumption . 

The usefulness of this ion-drag pump may depend on the 
density and life of the generated ions, the differentiation in 
5 size or asymmetry between positive and negative charge carriers, 
and the asymmetric positioning and shape of the ion drift e- 
field electrodes. 

By providing such essentials, the charge carriers may be 
able to drive flow of the neutral molecules, not just through 
10 its own e-field section but through and against a useful "load", 
i.e., against the flow restriction of a practical flow system 
as, e.g., in a GC or \xGC of column length, L cs . For practical 

and variable inputs such as 100 V/cm DC field, ion size (assumed 
enhanced by the attachment of polar molecules like water and a 
15 range of ion mole fractions, Xi on , (inputs are highlighted with 
stars) , Table 20 lists the achievable flow velocities without 
load (L cs = Lee) and for a useful load the flow velocities, v c , 

the Reynolds Numbers, Re, viscous pressure drops, Ap e , and the 

dissipated powers and total power and efficiencies, using as a 
20 reference the ideal or theoretical power to move the gas against 
the listed pressure head. 

An additional important consideration is the amount of 
power needed to not only draw and collect the ions, but to also 
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generate and regenerate them as they drift and recombine along 
the e-field. It may be assumed in Table 20 that one would need 
to regenerate ions 99 times within the moving gas volume in the 
e-field. This may be partly redundant with the fact that the 
5 practical energy for generation of ions exceeds the theoretical 
ionization energy by a factor of 4 to 6, so that the textbook 
-10 to 12 eV (see table 21 of Figure 4, using eV x 96600 Cb/mole 
for conversion to joules) becomes 60 to 70 eV in practice. The 
energy dissipations of the ion pump may thus be composed of the 
10 following elements: 1) Ionic drift viscous friction loss in the 
gas, which drives all, Qiondrag = F v -v ion = 67tr|v iori 2 . r ion -N ion ; 

2) Gas flow viscous friction loss, Qg as = Fc" v c = Qn ' " v c 2 * L cs ' 

3) Electric, ohmic power dissipation, Qohmic = U-I = U-q-Ni on 
( v ion + v gas) ' 4 ) Ion generation and (99%) regeneration, Qg en = 

15 (1 + 99) • E-j_ on -N-L on - (vi on +Vg as ) ; and 5) Work on moving (assumed 
incompressible) gas through the Ap, Qideal 

= Jv F (p)dp is ~ 

rc-r c 2 -v gas -Ap. 

Table 2 0 of Figure 2 shows data, indicating that even if 
one needs to regenerate the ion-electron pairs 99 more times due 
20 to recombination, in order to maintain an exemplary ion 

concentration of x-L on = 10" 6 , the ion pump may achieve -50% 
efficiency. This is for reference conditions of E = 100 V/cm, 
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L cs = 50 cm > r ion = 1 . 5 A, and r c = 50 jam. The table data may 
reveal certain characteristics: as ion concentration increases, 
so do pumping velocity, Re, Ap, and individual Qs, but also 
efficiency; the power dissipated via the ionic current and 
applied DC voltage, Qohmic ma Y be ~100 times lower than Q v isc 
but may not have to be used in the computation of Qtotal' which 
is based on the sum of the viscous dissipation of ions and 
capillary flow + ion generation and regeneration energy. 

Changing input parameters may reveal further features of 
the pump and its present model: 1) Increasing the effective ion 
radius by a factor of 2 increases efficiency at x-L on = 1 ppm 
from 42.5 to 68.8%; 2) The needed generation power is only 1.65 
mW for Ei on = 70 eV and 99% regeneration rate; 3) Reducing the 
e- field by 2 times decreases flow by 2 times and efficiency from 
42 to 2 7%; and 4) Reducing the capillary length by 2 times 
doubles the flow velocity, maintains the pressure drop constant 
and increases efficiency to 52.5%. 

As mentioned above, an application a practical ion-drag 
pump may depend on the ability to configure and operate MDDs to 
generate the needed ion concentrations and asymmetries. By 
configuring MDDs 14 and 16 in series and parallel, the desired 
flow and pump pressure head may be achieved. 
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Achieving advantageous energy efficiencies obtained by the 
present model may depend of the actual number and amount of 
power the MDDs needed to move the sample gas. Descriptions of 
macroscopic ion-drag pump systems may show reduced efficiency as 
5 dimensions are reduced, but may be strongly dependent on the 
involved type of ion generation. 

One type of MDDs that may be well suited for operation of 
micro-scale pumps may be those stabilized in arrays of orifices, 
as used for UV light generation, and sketched out in Figure 5, 
10 with TBD orifice size and shape, electrode film thickness, edge 
smoothness and pattern; only two contacts are needed to operate 
many MDDs (100 to 10,000). Figure 5 shows two elements 31 and 

32 of an array of MDDs for ion drag pumping through the orifices 

33 and 34. Symmetry variation may be implemented via electrode 
15 shape or thickness to create a source of corona generation. 

Orifice 33 may have a thin or sharp edge to make it favorable 
for emission and causing a corona of ionization to provide ions. 
On the other hand, orifice 34 in electrode 31 may have a 
projection or sharp point 35. Orifice 34 may instead have 
20 numerous projections or sharp points 3 5 for causing a corona and 
resultant ionization. Even though there are two examples of 
orifices 33 and 34 in plate 31, there may be thousands of them 
in the electrode plate of an ion pump. Corresponding to 
orifices 33 and 34, there may be orifices 37 and 38 in electrode 
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plate 32 aligned with orifices 33 and 34, respectively. Between 
electrode plates 31 and 32 is an insulator material 36 with 
holes 41 and 42 connecting the respective orifices. Holes 41 
and 42 may have dimensions or diameters about the same as those 
of orifices 33, 37 and 34, 38, may be situated in the insulation 
layer 36 connecting corresponding orifices in opposing electrode 
plates 31 and 32. 

Several versions with a small exemplary number of parallel 
and series orif ice-MDDs in an array on a thin-film dielectric 
are presented in Figures 6 and 7. Note that the electro-active 
orifices are the ones with a small inside diameter, whereas the 
larger ones serve to guide the flow to the next pump- stage, 
located on the same side of the insulator as the input side of 
the first stage. 

Figure 6 is a cross-sectional sketch of an ion drag pump 3 0 
having several sets of parallel pumping elements 43 in a series 
of stages of the pump 30. Sets of elements 43 may be in stages 
or sub-chambers 61, 62, 63 and 64 which may be connected in 
series by channels or holes 4 5 through layers 31 and 32, and 
insulator 36. The insulator may protrude into channel 45 so as 
to deter discharge in that channel. The orifices 46 and 47, and 
holes 48 may be round or some other shape. The electrode layers 
31 and 32 may be conductive films to provide a corona having a 
polarity. Each element or hole 45 itself may be designed to be 
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a pumping element with the corona polarity switched for moving 
the fluid in the other direction relative to the direction of 
flow through elements 43. Each element 43 may have an orifice 
46 that resembles orifice 33 or 34 of figure 5. The orifices 46 
5 and 47, and the holes 48 may have an inside diameter of about 6 
microns or more. Also, each element 43 may have an orifice 47 
that resembles orifice 37 or 38 of figure 5. Between orifices 
4 6 and 4 7 is a hole or channel 4 8 in the insulation 3 6 which may 
resemble the hole 41 or 42 in Figure 5. As many parallel and 

10 staged elements 43 and 44, respectively, as needed, may be 
fabricated to achieve the desired flow and Ap. 

At the thin or sharp edged or pointed orifice 46, a corona 
discharge may be an electrical discharge brought on by the 
ionization of a fluid surrounding a conductor, which occurs when 

15 the potential gradient or concentrated field exceeds a certain 
value, in situations where sparking is not favored. In the 
negative corona (generated from high- voltage applied to a sharp 
point or ridge) , energetic electrons are present beyond the 
ionization boundary and the number of electrons is about an 

20 order of magnitude greater than in the positive corona. Both 
positive and negative coronas can generate "electric wind" and 
drag neutral molecules towards a measurable flow. The voltage 
that may be applied to plates 31 and 32 may be a value from 
about 9 volts to about 900 volts DC. The plus polarity of the 
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power supply may be applied to plate 31 and the negative 
polarity or ground of that supply may be applied to plate 32. 
Insulator layer 36 may be of a dielectric material and have a 
thickness sufficient to prevent arching of voltage between 
electrode plates or films 31 and 32. 

On a first side of the elements 43 may be a chamber side 51 
for containing the fluid that may be pumped through pump 30. On 
the other side of the elements 43 may be a chamber side 52. An 
input port 53 for the entry of fluid into pump 30 may be towards 
one end of the chamber side 51 and pump 30. Sides or walls 51 
and 52 may be made from silicon, a polymer or other appropriate 
material. An output 54 for the exit of fluid out of pump 30 may 
be towards other end. A flow of a fluid 55 may enter input port 
53 into a chamber of the first stage of pump 30. The fluid 55 
may flow from input 53 through elements 43 of a first stage or 
sub-chamber 61, second stage or sub-chamber 62, third stage or 
sub-chamber 63, fourth stage or sub-chamber 64 and out of pump 
3 0 through exit port 54. 

An ion pump may have an insulating layer 36, a first 
conductive layer 32 situated on a first side of the insulating 
layer 36, and a second conductive layer 31 situated on a second 
side of the insulating layer 36. There may be openings 46 
situated in the first conductive layer 32, the insulating layer 
3 6 and the second conductive layer 31 thereby forming elements 
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or channels 43 having first and second discharge device 
electrodes, respectively. An enclosure, such as enclosure 51 
and 52 of Figure 6, may contain the channels 43 and have an 
input port 53 proximate to the first conductive layer 32 and an 
5 output port 54 proximate to the second conductive layer 31. A 
fluid (preferably gas) 55 in the enclosure may be transported 
between the input 53 and output 54 of that enclosure, by being 
forced through the channels 43. 

The openings 46 on the first conductive layer 32 may have a 

10 sharp-like configuration, and the openings 47 on the second 
conductive layer 31 may have a non- sharp- like configuration. 
This arrangement provides for predominant generation of in- situ 
ions proximate to the sharp-edged conductor openings 46. The 
ions then bear predominantly the polarity of those sharp edges, 

15 which then may induce a fluid 55 flow of neutral molecules as a 
result of the force and viscous drag of those predominant ions. 

The sharp conductor of opening or orifice 4 6 may provide an 
electrical discharge with conductive nanotube whiskers. The 
nanotube whiskers may be operated in a cold cathode field 

20 emission mode. The nanotube whiskers may also operate in a 
corona discharge mode. The electrical discharge may be 
energized by one of DC and AC applied voltages. The sharp 
conductive opening or electrode for providing an electrical 
discharge may consist of thin-film material. The conductive 
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electrode material such as thin film material for providing an 
electrical discharge may be operated in a cold cathode field 
emission mode. Or the conductive electrode material such as the 
thin film material for providing an electrical discharge may be 
5 operated in a corona discharge mode 

The sharp edges of the predominant discharge polarity 
electrodes of openings or orifices 46 may consist of 10- to 100- 
nm-thick films of conductive material, and the film thickness of 
the non-predominant electrodes of openings or orifices 4 7 may be 
10 at least 10-100 times thicker and rounded at its inner diameter 
edge . 

The openings or orifices 45 and 46, and holes 48 may be 
fabricated via one of etch, laser-drill, mechanical stamping and 
combination of these. The openings may be sized for a ratio of 

15 axial length (= non conductive film thickness) to inner 

diameter, R, of maximize the performance of the pump, so that 
approximately 1 < R < 10, and the film thickness for the non- 
conductive spacer is about 6jam<S<100jj,m. 

The pump may consist of as many consecutive, i.e., serial, 

20 stages, L, (e.g., stages 61, 62, 63 and 64) and applied voltage, 
U, as needed to achieve the desired total pressure head, Ap t = 

n-Ap, where the achieved pressure head at each stage is about Ap, 
with due allowance for the changes in absolute pressure, gas 
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volume (due to its compressibility) and temperature at each 
stage, which entails changes in pump effectiveness and capacity 
at each stage. The number of openings, stages, n, and applied 
voltage, U, may be chosen so that the desired total pumping 
5 volumetric rate and total pump head pressure can be achieved, 

with due allowance for the pressure drop through the pump itself 
(requiring a number of openings, n Q ) and through the (analyzer) 
load itself. The number of openings may be increased by a 
factor a = n/n Q = Ap Q / (Ap Q - Ap L ) , where Ap Q =ion pump pressure 

10 head without a load and Ap L = pressure drop through the load, 

with preferably Ap Q - 2-Ap L . 

Rapid control of sample gas flow in the pump may be enabled 
upon resetting the applied fields, to, e.g., achieve small gas 
pulses/injections of sample/analyte into micro-GC columns, as in 

15 the second stage of a GC-GC system or the second part of a 

separation column of a second material. The ion pump may be 
operated like a valve by adjusting the applied voltage to the 
conductive electrodes to just oppose and balance external flow 
or pressure drivers. The sharp-edged electrode or sharp-like 

20 openings may be recessed to a larger ID (inner diameter) than 
the ID of the insulating layer, by a radial distance equal to 
about 10 to 20% of the insulating layer radius, to enable 
removal of the non-predominant polarity ions before the 
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remaining predominant ions enter the ID of the openings in the 
insulating layer 

The present pump may be a gas pump without moving parts, 
driven by the force and drift caused by an electric field on 
5 ions that are generated inside the pump. Although "normally 

open" when not energized, the pump may maintain zero or positive 
flow when energized. The simple design of the pump consists of 
a central insulating layer that supports a top and a bottom 
electrode with many parallel openings for operation of 

10 asymmetric corona discharges. 

Figure 7 is a cross-sectional sketch of a set of parallel 
and series pumping elements of an ion drag pump 40. Pump 40 may 
be fabricated with three stages 71, 72 and 73 and as many 
parallel elements 74 as needed to achieve the desired flow of a 

15 fluid 75. Elements 74 may each have an orifice 77 in electrode 
plate 32 of stages 71 and 73 and in electrode plate 31 of stage 
72 . Elements 74 may each have an orifice 78 in electrode plate 
31 of stages 71 and 73 and in electrode plate 32 of stage 72. 
Orifice 77 may resemble orifice 33 or 34 of figure 5. Orifice 

20 78 may resemble orifices 37 and 38 of Figure 5. Connecting the 
corresponding orifices 77 and 78 may be a hole 79 through the 
insulator 36. Hole 79 may resemble hole 41 or 42 in figure 5. 
The orifices 77 and 78, and the holes 79 may have an inside 
diameter of about 6 microns or more. 
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The pump 4 0 chamber may be formed with chamber sides or 
walls 76 and 77 which may be fabricated from silicon, a polymer 
or other appropriate material. Between stages 71 and 72 and 
between stages 72 and 73 of pump 40, the corona polarity may be 
5 switched to avoid the extra flow switch 45 of pump 30 in Figure 
6. The vacuum pump 4 0 may remain at three stages but one may 
increase the number of parallel elements 74 as needed to achieve 
the desired flow. Also, pump 4 0 may feature an increasing 
number of elements per stage as the gas expands and requires an 
10 increased volume flow. 

The design of pump 4 0 may do away with the extra routing of 
the sample gas being pumped. Other tradeoffs may be made 
relative to pump 30 of Figure 6. Pump 40 may use the same 
material for both electrodes. Or a pattern of depositions of a 
15 first material may be used for the sharp-tipped corona emitter 
(i.e., ionizer) and a second material for the collector. 

Listed as follows is the nomenclature of some common 
physical parameters relative to the present description. E is 
electric field; E = U/s, in volts/cm; E£ orl is energy of 

20 formation of ions; F is force of electrostatic field, F e , of 

ionic viscous drag, F-[ on , or of viscous capillary flow, F c ; L c 

is length of the capillary, in the applied e-field, L. ce , and of 

the whole system, L cs , in cm; X is mean free path between 
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collisions, in cm; N is number of ions in the length of 
capillary between electrodes, N = x-j_ on -N A * r c 2 -L ce ; N A is 

Avogadro number in mol -1 ; N^* is Avogadro number in cm" 3 ; r is 
radius of capillary, r c , or ion, r-j_ on ; T is temperature in K; x 
5 is time between collisions x = X/v^ = X/ (3kT/m) 0 • 5 , in s; x is 
molar or volumetric fraction of ions, x-l OI1 , or molecules, x; v 
is velocity -- 1) Ion drift relative to fluid, Vi on ; and 2) 
Macroscopic capillary flow, v c , in cm/s; Vi on is velocity of ion 
drift relative to fluid, total ion velocity = v-j_ on +v c , but 

10 friction loss ~ v-[ on ; V is volume in cm 3 ; Vp is volumetric flow 
in cm 3 /s; is volume of one mol of gas, V Mo under 1 atm and 0°C 

conditions . 

Some of the features of the pumps 10, 3 0 and 4 0 may 
include: 1) Use of in-situ-generated ions to induce macroscopic 

15 gas flow in a small channel, as observed in the deflection of 
flames when a high electric field is applied (electric wind 
effect) , which leverage the large size difference between bulky 
positive ions and -1000 times smaller (mass of) electrons; 2) 
Generation of such ions via suitably distributed MDDs, typically 

20 energized by electroless discharges operating in the 2 kHz to 20 
MHz frequency range; 3) Taking advantage of the high frequency 
MDD to eliminate pump pulsations plaguing traditional mechanical 
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pumps; 4) Applying non- symmetrical AC voltage and power to the 
ion-accelerating ions, in order to also use electroless 
operation, so that the negative electrode attracting the mostly 
positive and heavy ions gets most of the fractional "on" -time; 
5 5) Merging the MDD for ion generation with the set of electrodes 
used to generate ion drift, whereby the above non- symmetrical 
approach is used for both generation and ion drift/acceleration; 
6) Rapid control of gas flow upon resetting the applied fields, 
to, e.g., achieve small gas pulses/injections of sample/analyte 

10 into micro-GC columns, as in the second stage of a GC-GC system; 
and 7) Operation of the ion pump as a valve by adjusting the 
applied voltage to just oppose and balance external flow or 
pressure drivers. 

The advantages of the pumps 10, 3 0 and 4 0 over related- art 

15 pumps may include: 1) Elimination of or much reduced flow 

pulsations; therefore elimination of buffer volumes; 2) Reduced 
mechanical noise; 3) Smaller size, lower power (see table 22 of 
Figure 8) , no mechanical wear of moving pump parts and longer 
life; and 4) Lower cost and maintenance, and greater 

20 reliability. 

Comparison of performance parameters between an ideal, 
theoretical pump and an actually operating one may be made. The 
present pumping approach has compactness and low power 
consumption. A comparison to other pumping schemes to achieve 
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235 cm/s in a 100x100 jam duct, i.e., 1.41 cm 3 /s against Ap of 9.7 
psi, is shown in table 22 of Figure 8. As shown, the ion drag 
pump, not only may pump a continuously variable rate of sample 
gas without ripple, but may be readily rate-controlled via 
adjustments in the drag voltage, occupy 100 to 1000 times less 
space, and consume about 10 times less power than the next best 
electrostatic-mechanical pump. This next-best pump may be a 
mesopump, as disclosed in U.S. Patent Nos . 6,106,245; 6,179,586 
Bl; and 6, 184, 607 Bl . 

Energies are needed to generate ions. Listed are two sets 
of examples which may show that the generation of positive gas 
ions is roughly 10 times higher than that for negative 
electrons. The table 21 in Figure 4 shows electron affinities 
and electron configurations for the first ten elements in the 
Periodic Table. Figure 9 shows a table 23 showing temperature 
dependence of ion concentration. 

Cold cathode emission from carbon nanotubes may be used for 
the electron emitter electrode in the ion pump. The nanotube 
whiskers may provide for an electrical discharge and operate in 
a cold cathode field emission mode or a corona discharge mode. 
Figure 10 shows a graph 81 about electron cold-cathode emission 
from a carbon nanotube in terms of current density versus 
applied voltage. A corona onset may be at 200/. 0063 about 3.1 
kV/cm and 600/. 0260 about 2.1 kV/cm. Figure 11a is a graphical 
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illustration 82 emission current versus applied voltage for 
cold-cathode emissions from an emitter 85 of a diamond film or 
the like. The inset is of a device 86 in a display application 
but may be used for the present ion pump. Such an emission type 
device may be used as an electron emitter in an MDD of an ion 
pump. Electrons from emitter 85 may go to a collector 87. The 
gate 84, situated on an insulator 88, of the emission device 86 
in Figure 11a when used in the present ion pump may be utilized 
to focus the non-drag action of the pump. Insulator 8 8 and the 
diamond emitter 85 may be situated on an electrode 89, which in 
turn is on a base 91. Figure lib shows a restricted Fowler- 
Nordheim plot 83 of the electron emission of a micro-wave CVD 
sample . 

Although the invention has been described with respect to 
at least one illustrative embodiment, many variations and 
modifications will become apparent to those skilled in the art 
upon reading the present specification. It is therefore the 
intention that the appended claims be interpreted as broadly as 
possible in view of the prior art to include all such variations 
and modifications. 
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